Antiferroelectrics are of interest due to their high potential for energy storage. Here, we report the discovery of pinched, polarization-vs.-electric field (P-E) hysteresis loops in the lead-free tungsten bronze ferroelectrics Ba 4 Sm 2 Ti 4 Nb 6 O 30 and Ba 4 Eu 2 Ti 4 Nb 6 O 30 , while a broad, single P-E hysteresis loop was observed in the analogue compound Ba 4 Nd 2 Ti 4 Nb 6 O 30 . Pinched P-E loops are similar to antiferroelectric hysteresis loops, but in perovskites, they are mostly caused by an extrinsic, internal bias field due to defects, which block domain wall motion. We show that the pinched P-E loops are caused by an intrinsic effect, i.e., by the electric-field-induced phase transition from a nonpolar incommensurate to a polar commensurately modulated crystal structure. The in situ electron diffraction results show the coexistence of commensurate polar structural modulation and incommensurate non-polar modulation during the ferroelectric transition and within the ferroelectric phase below the transition temperature. This phase coexistence is the reason for the small remanent polarization. An external electric field transforms the incommensurate component into a commensurate one, and the polarization increases. This new mechanism for pinched P-E hysteresis loops in ferroelectrics not only indicates a new direction for the development of Pb-free ferroelectric materials for energy storage but also significantly contributes to the physical understanding of ferroelectricity in materials with a tungsten bronze structure.
Introduction
Ferroelectrics are a very important family of functional materials, and they have received attention from a variety of fields, including material science, condensed matter physics and electric engineering [1] [2] [3] [4] [5] [6] [7] [8] . Applications of ferroelectric materials are primarily governed by their polarization response to external stimuli. Due to the nature of domains, ferroelectrics exhibit hysteresis phenomena with respect to an external electric field. Classic ferroelectrics have a single P-E hysteresis loop, which represents field-controlled transitions between two equivalent ferroelectric states with different polarization directions 9 . Switchable polarizations under an electric field allow ferroelectrics to be used in memory and logic devices 10 . In antiferroelectric compounds, two opposite polarizations arrange into two crystalline sub lattices, and the polarization vs. the electric field possesses the feature of a double P-E hysteresis loop, corresponding to the field-induced transition between the antiferroelectric and ferroelectric states 11 . Recently, this specific double P-E hysteresis loop has received attention due to its advantage for energy storage applications [11] [12] [13] [14] . A double P-E hysteresis loop can also be observed at temperatures slightly above the Curie temperature of the first-order ferroelectric transition, indicating the electric field-induced paraelectric-ferroelectric phase transition 15, 16 . However, in the development of ferroelectric materials, a type of "pinched" P-E hysteresis loop with a constrained remanent polarization (P r ) value has been observed in various perovskite materials, e.g., Pb(Zr,Ti)O 3 solid solutions [17] [18] [19] [20] [21] , BiFeO 3 -based ceramics [22] [23] [24] , and (Bi 0.5 Na 0.5 )TiO 3 -based ceramics [25] [26] [27] . The main feature of the pinched P-E hysteresis loop is that the polarization, P r , for a zero electric field is small but finite, unlike ferroelectrics (large P r ) and antiferroelectrics (zero P r ) 9 . Generally, the existence of pinched P-E hysteresis loops is attributed to strong domain wall pinning due to the diffusion of charged defects [17] [18] [19] [20] [21] [22] 25 . However, pinched P-E hysteresis loops can also be observed in defect-free ferroelectric materials, such as BiFeO 3 -based ceramics 23, 24 and (Bi 0.5 Na 0.5 )TiO 3 -based ceramics 26 . In some cases of BiFeO 3 -based ceramics, the observed pinched P-E hysteresis loops are "simply" interpreted as the double P-E hysteresis loops of antiferroelectrics, and the concomitant enhancement in the piezoelectric response is attributed to an electric-field-induced transformation from a paraelectric orthorhombic phase to a polar rhombohedral phase 23 . According to simulations by Xu et al. 24 , the pinched P-E hysteresis loops in defect-free ferroelectric materials are a result of intermediate modulated phases with an inhomogeneous dipolar pattern, which leads to the coexistence of both ferroelectric and antiferroelectric orders. Liu et al. 27 reported the observation of a fine-scale intergrown microstructural phase (IGMS) within the R3c rhombohedral average structure matrix of (Bi 0.5 Na 0.5 ) TiO 3 , and the IGMS regions form local, isolated, polar nanoregions, resulting in the high piezoelectric response and pinched P-E hysteresis loops observed in (Bi 0.5 Na 0.5 ) TiO 3 . The pinched P-E hysteresis loops in defect-free ferroelectrics are often linked to a high piezoelectric response, but the mechanisms of these phenomena are diverse. Therefore, searching for pinched P-E hysteresis loops in more ferroelectric materials and revealing their mechanisms are of high scientific interest and importance Pb-free ferroelectric materials have attracted increasing scientific and commercial interests due to serious environmental concerns. The structural flexibility of tungsten bronze oxides offers more opportunities for exploiting new Pb-free ferroelectric materials. The tetragonal tungsten bronze structure is composed of ten distorted octahedral sharing corners in such a way that three different interstices (2 tetragonal A1, 4 pentagonal A2, and 4 triangle C) are available for cations in the general formula (A1) 2 (A2) 4 (C) 4 (B1) 2 (B2) 8 O 30 28 . In recent years, a number of Pb-free ferroelectrics with tetragonal tungsten bronze structures have been determined [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] 39, 40 . A detailed structural study indicated that the relaxor nature is always associated with incommensurate superlattice modulation. The decrease in the R cation size increases the driving force for commensurate superlattice modulation, which dominates the normal ferroelectric nature [29] [30] [31] [32] .
Here, we report the first observation of pinched P-E hysteresis loops in two new lead-free ferroelectrics with a filled tungsten bronze structure, Ba 4 The first-order ferroelectric phase transitions were confirmed by a thermal analysis and dielectric/ferroelectric characterization of all the compositions, and the ferroelectric domain structures were studied using piezoresponse force microscopy (PFM). The second harmonic generation (SHG) study reveals an on centrosymmetric structure below the Curie temperature (T c ) for all the compositions. O 2 -atmosphere annealing did not change the shape of the P-E hysteresis loops for all the compositions. Therefore, oxygen vacancies (the main defects that can occur during the formation of oxide ceramics) have no significant effect on the mechanism of the pinched P-E hysteresis loops. To understand the origin of the pinched P-E hysteresis loops, in situ selected area electronic diffraction (SAED) was performed, and the coexistence of commensurate modulation (polar) and incommensurate modulation (non-polar) during the ferroelectric transition and within the ferroelectric phase far below the transition temperature were detected in Ba 4 30 . The pinched P-E hysteresis loop is a consequence of the electric-field-induced transition between a non-polar incommensurately modulated structure and a polar commensurately modulated phase. (99.99%, Sinopharm Chemical Reagent Co., Shanghai, China) raw powders by a standard solid-state reaction and sintering process. The raw powders were mixed and ballmilled in a polyethylene jar with ZrO 2 media in alcohol for 24 h. The mixtures were calcined in a high-purity alumina crucible at 1500 K for 3 h. After the second grinding, the powder achieved a homogeneous granulometric distribution. Organic binders were added (10 wt% polyvinyl alcohol), and the reground powders were pressed into cylindrical compacts 12 mm in diameter and 1-2 mm thick under a pressure of approximately 98 MPa. Dense ceramics with a relative density above 96% were obtained by sintering at 1650 K for 3 h for all the compositions.
Materials and methods

Materials preparation
Structure and microstructure evaluations
The crystal structure was identified by powder X-ray diffraction (XRD) analysis with Cu Kα radiation (D/max 3B, Rigaku Co., Tokyo, Japan) at room temperature. The XRD analysis indicated a single phase for Ba 4 30 . Piezoelectric force microscopic (PFM) images were obtained at room temperature by an atomic force microscope (Innova Microscopic, Veeco Instrument Inc., Plainview, NY, USA). The ceramic pellets were ground to a size below 0.1 mm. After surface polishing, the samples were thermally etched at 1523 K for 15 min. The bright/dark-field (BF/DF) images and the selected area electron diffraction (SAED) patterns were obtained by transmission electron microscopy (TEM, FEI Tecnai F30) operated at 300 KV and equipped with an EDAX energy dispersive spectrometer (EDS) and a Gatan image filter (GIF). The in situ TEM measurement was conducted between room temperature and 1073 K using a heating/cooling sample holder. The SAED patterns were taken when the temperature was stable at the setting temperature. The TEM equipment could not control the heating/cooling rate. The specimens for the TEM observation were prepared as follows. The EDM cutting disks were 3 mm in diameter and polished to a thickness of approximately 60-80 μm.Then, the central portions of these disks were mechanically dimpled to be approximately 10 μm thick. Finally, these specimens were precision Ar ion milled to be transparent for the TEM observation.
Second harmonic generation (SHG)
The SHG analysis was performed for the present ceramics in the temperature range from 350 to 625 K, and the heating and cooling rate was 2 K/min. The light source was a Q-switched Nd-YAG laser (7 ns pulses, 20 Hz, λ = 1064 nm). The filtered second harmonic signal behind the sample was detected by a photomultiplier and boxcar average.
Dielectric and ferroelectric characterization
The dielectric characteristics were measured with a broadband dielectric spectrometer (Turnkey Concept 50; Novocontrol Technologies, Hundsangen, Germany) over a broad temperature range (133-623 K) and frequency (10 Hz-1 MHz) range with a heating and cooling rate of 2 K/min. The thermal analysis was performed using a differential scanning calorimetry (DSC) (204F1, Netzsch, Phoenix, Arizona, USA) at a heating rate of 20 K/min in Ar. The polarization-field (P-E) hysteresis loops were evaluated at different temperatures by a Precision Materials Analyzer (RT Premier II, Radient Technologies, Inc., Albuquerque, NM, USA). The samples were immersed in silicon oil to protect the samples from breakdown due to edge discharge.
Results and discussion
The frequency dependence of the dielectric constant over a broad temperature range is shown in Fig. 1a -c. For all the compositions, the dielectric constant increases to a frequency independent maximum, indicating the ferroelectric transitions at T c (the Curie temperature) upon heating, i.e.,~420 K for Ba 4 Figure S1 ). In the equation ε′ = C/(T−T 0 ), C is the Curie constant and T 0 is the Curie-Weiss temperature. A positive T 0 (100. 32, 44 . The insets in Fig. 1a-c show the dielectric constant peaks tested in a heating and cooling cycle at a rate of 2 K/min, and hysteresis is observed at 31 K for Ba 4 The observed thermal hysteresis suggests a first-order phase transition. In the present ceramics, the tetragonal A1 sites are fully occupied by small R 3+ cations, which is thought to be an important cation configuration for normal ferroelectrics 29 . Figure 1d -f shows the DSC curves measured for both the heating and cooling processes, and endothermic and exothermic peaks with obvious thermal hysteresis are observed for all compositions, confirming the first-order transition nature. Slightly larger hysteresis values, 37.7 K for Ba 4 Fig. 2a ), a linear P-E dependence is observed at 473 K (above T c ), corresponding to the paraelectric phase, and a saturated P-E hysteresis loop is observed at 293 K with a pair of J-E peaks, suggesting a classic ferroelectric nature. Upon cooling down to 193 K, the P-E hysteresis loop shrinks, while the saturated P-E hysteresis loop recovers under higher electric fields at the same temperature (see Fig. 2d ). That is, the double potential wells in the free energy vs. electric field curve become deeper with the decreasing temperature, leading to the increased coercive field. Therefore, a higher field is occasionally required to switch the ferroelectric domains at lower temperatures. In Ba 4 (Fig. 2b) , the polarization in a zero electric field (P 0 ) increases from near zero (0.06 μC/cm 2 ) to 0.55 μC/cm 2 as the temperature decreases from 473 to 293 K. Meanwhile, the maximum polarization (P m ) decreases from 4.0 to 1.7 μC/cm 2 . When the applied electric field increases (Fig. 2e) Fig. 2c,f . The synchronous increase in P 0 and P m at low temperatures causes the P-E loops to be less pinched and closer to the saturated loop, suggesting that the pinched P-E hysteresis loops become less stable and the ferroelectric phase gradually becomes stable as the temperature decreases further below T C .
For ferroelectrics with a first-order phase transition, paraelectric and ferroelectric phases coexist in the temperature range near T c and double P-E hysteresis loops are observed, as reported for BaTiO 3 15 . Nevertheless, in the present tungsten bronzes, we discovered double P-E loops below the ferroelectric transition temperature. Double P-E hysteresis loops can arise from the pinning of ferroelectric domain walls by structural defects 21 . For example, in aged and lower valence-substituted lead zirconate titanate (PZT), double P-E hysteresis loops have been observed, and the polarization switching is strongly dependent on the thermal history 21 . However, in Ba 4 R 2 -Ti 4 Nb 6 O 30 (R = Sm, Eu), no volatile elements (like Pb, Bi, K,...) exists, and according to our XRD structure refinement, the B iso values for all the cations in Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu) can be scaled to a low level (Supplementary  Table II ). This indicates that the cation occupation follows the stoichiometry, and no cationic defects exist in the present materials. If there is a cation deficiency in the structure, a much higher B iso value will be obtained for the corresponding cation site. Therefore, cationic defects are unlikely to contribute to the polarization switching in Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu). As shown in the supplementary Figure S2 , pinched P-E hysteresis loops still exist in Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu) after annealing in an O 2 atmosphere, and thus, the influence of the oxygen vacancies can be neglected.
Carl and Hädtl 17 studied the defect-induced pinching of P-E loops in doped PZT and explained it was due to an internal bias field E i (t) caused by defects. According to their results, this field increases with doping, but the hysteresis-loop distortion disappears after repeated cycling. This so-called "hysteresis relaxation" obeys a time law in the form E i (t) ∝ exp(−t/τ) and is both a field activated and thermally activated process 17 . In our case, the pinched loops open at lower temperatures, which excludes a thermally stimulated process.
The surface topography and room-temperature domain structure were detected by piezoelectric force microscopy (PFM). In Fig. 3a-c Fig. 3e , f. Since antiferroelectric domains should not have a piezo-response, these patterns correspond to the ferroelectric domain structure and confirm the ferroelectric nature of Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu). In Fig. 3e , f, the distribution of the ferroelectric domain size is not uniform. In some areas, the domain stripes are hundreds of nanometers in width, while in other areas, the widths of the domain stripes are less than 20 nm. Moreover, some broken domains with fragmented pieces could be observed, indicating destruction of the ferroelectric domain structure.
The general room-temperature crystal structure for Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Nd, Sm, Eu) is a tetragonal tungsten bronze structure with the space group P4bm or P4/ mbm, as determined by the Rietveld refinement of the powder X-ray diffraction data using the FULLPROF program. For tetragonal tungsten bronzes, it is not possible to distinguish between the P4bm and P4/mbm space groups using XRD data since they have nearly the same best fit. However, considering their ferroelectric nature, the non-centrosymmetric P4bm space group is chosen for the structure refinement of Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Nd, Sm, Eu) below T C . The experimental data, calculated data, and difference are shown in supplementary Figure S3 , and the refined structural parameters are summarized in Tables SI-II. To confirm the structural symmetry of the present compounds, we studied the temperature dependence of the SHG on the reflection geometry. The results are shown in Fig. 4 In situ TEM was conducted over a wide temperature range from room temperature up to 1073 K. The results are summarized in Fig. 5 and Supplementary Figures S4-S6 . In Ba 4 Sm 2 Ti 4 Nb 6 O 30 , obvious ferroelectric domain structures can be observed at room temperature (Fig. 5a) . The domains predominantly feature spike-like shapes that are parallel to the polar axis (c axis of the tetragonal tungsten bronze structure) according to the SAED patterns (Fig. 5c), indicating ferroelectric 180°domains . However, the size of the domains ranges from approximately 10 nm to more than 200 nm, and they are unevenly distributed, which agrees with the PFM observations. As shown in Fig. 5b-d (Fig. 5b) . The second pattern shows satellite reflections related to the commensurate superlattice modulations (Fig. 5c) , while the third pattern shows the coexistence of both commensurate and incommensurate satellite reflections, indicating the intermediate modulated phase (Fig. 5d) . [33] [34] [35] , and δ is the measure of the deviation from commensurate periodicity that is defined as δ = (x − y)/(x + y), where x and y are the distance of the neighboring incommensurate superlattice spots 45 . The schematic diffraction patterns along the [110] TTB direction are shown in Fig. 5e . Different SAED patterns undergo different variations with temperature. In some areas with the first type of SAED patterns (Fig. 5b) , as shown in Fig. 5f -h, incommensurate satellite reflections gradually arise with the increasing temperature and are obvious at 573 K, i.e., the temperature just above the phase transition temperature (T c (R = Sm)~560 K on heating). The incommensurate superlattice reflections exist up to the highest temperature we measured (~1073 K). After cooling down to room temperature, the SAED patterns for some areas return to their initial state, i.e., the fundamental Bragg reflections of the TTB phase without extra reflections. However, in some other areas (see Supplementary Figure S4 ), commensurate superlattice reflections appear upon heating up to approximately 573 K, and then, gradually change into incommensurate superlattice reflections between 573 and 673 K. Upon cooling, the incommensurate to commensurate superlattice modulation transition occurs between 573 and 473 K, and the commensurate superlattice reflections exist until room temperature.
For the second type of SAED pattern (Fig. 5c ), as shown in Fig. 5i-k , the commensurate superlattice reflections are stable from room temperature up to 523 K. Upon heating, the incommensurate superlattice reflections appear from 533 K and coexist with the commensurate superlattice reflections. With further increasing temperature, the commensurate superlattice reflections gradually weakened and finally disappear at~573 K, but the intensity of the incommensurate superlattice reflections increases. In the temperature range of 533-573 K, an intermediate phase appears on heating and is the coexistence of the commensurate and incommensurate modulations. After cooling down to room temperature, the SAED patterns for some areas return to the initial state with only commensurate superlattice reflections, but for some other areas, the coexistence of the incommensurate and commensurate modulations is observed down to room temperature (Fig. 5d) The relationship between the pinched hysteresis loops and the coexistence of the two structural modulations can also be understood by comparing them with the fieldinduced phase transition occurring in the first-order ferroelectric transition at T > T c ; i.e., where the double P-E hysteresis loops can be detected, and the existence of metastable ferroelectric states with long lifetimes are known to create pinched hysteresis loops 1 . Actually, the intrinsic origin of the double P-E hysteresis loops in firstorder ferroelectric transitions is thermal hysteresis, which means metastable states exist during the phase transition. Normally, the thermal hysteresis of first-order ferroelectric transition is very small (several Kelvin), and T 0 is also very close to T c . This is why, in real cases (such as BaTiO 3 ), the double P-E hysteresis loops can only be observed in a very narrow temperature region. Nevertheless, in the tungsten bronze Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu), a thermal hysteresis over tens of Kelvin is observed during the ferroelectric transition, and negative T 0 values are obtained. Both factors provide good conditions for a wide temperature range of the metastable phases. Moreover, the ground states in the low electric field are paraelectric phases with zero polarization for the double P-E hysteresis loops above the T c , while the ground states in a low electric field have a finite polarization in tungsten bronze Ba 4 R 2 Ti 4 Nb 6 O 30 (R = Sm, Eu). Therefore, instead of a double P-E hysteresis loop, the pinched loops are observed.
The opening of pinched P-E hysteresis loops in high fields can be explained by the electric-field-induced transition of non-polar incommensurately modulated phases in ceramics to commensurately modulated phases. This type of phase transition is well known in other incommensurate crystals, such as thiourea 46 , K 2 SeO 4 , and (NH) 4 BeF 4 47 , but in these materials, the incommensurate structure exists only in very narrow temperature regions, and moreover, this phase transition was never used for the explanation of the pinched hysteresis loops.
Conclusion
In summary, we reported pinched P-E hysteresis loops below the first-order ferroelectric transition temperature in the tungsten bronzes Ba 4 Moreover, the relatively higher structural energy is also an important factor for the appearance of incommensurate modulation. Since the pinched hysteresis loops are similar to antiferroelectric loops, our discovery opens up a new avenue for the development of Pb-free ferroelectric materials for energy storage.
